Abstract: Experimental studies have been performed to investigate the effects of hydrogen addition on the combustion characteristics of Chinese No.3 jet fuel (RP-3 kerosene/air premixed flames. Experiments were carried out in a constant volume chamber and the influences of the initial temperatures of 390 and 420 K, initial pressures of 0.1 and 0.3 MPa, equivalence ratios of 0.6-1.6 and hydrogen additions of 0.0-0.5 on the laminar burning velocities, and Markstein numbers of Hydrogen (H 2 )/RP-3/air mixtures were investigated. The results show that the flame front surfaces of RP-3/air mixtures remain smooth throughout the entire flame propagation process at a temperature of 390 K, pressure of 0.3 MPa, equivalence ratio of 1.3 and without hydrogen addition, but when the hydrogen addition increases from 0.0 to 0.5 under the same conditions, flaws and protuberances occur at the flame surfaces. It was also found that with the increase of the equivalence ratio from 0.9 to 1.5, the laminar burning velocities of the mixtures increase at first and then decrease, and the highest laminar burning velocity was measured at an equivalence ratio of 1.2. Meanwhile, with the increase of hydrogen addition, laminar burning velocities of H 2 /RP-3/air mixtures increase. However, the Markstein numbers of H 2 /RP-3/air mixtures decrease with the increase of hydrogen addition, which means that the flames of H 2 /RP-3/air mixtures become unstable with the increase of hydrogen addition.
Introduction
In order to reduce NO x , CO emissions and save fossil energy, several technologies including injection, chemical, and fuel technologies have been developed in the aircraft industry. Injection technologies try to improve fuel's atomization efficiency [1] . However, as injection technologies are always used in near stoichiometry conditions, they result in less NO x but increased CO and unburned hydrocarbon emissions. Chemical strategies are also used to reduce NO x at lean conditions. Nevertheless, CO emissions become quite difficult to control under lean conditions. Furthermore, it has been found that a strong correlation exists between NO x and CO emissions: NO x emissions reduction will increase CO emissions [2] . This trade-off problem between NO x and CO emissions can only be solved by adding new degrees of freedom (e.g., hydrogen) to the system. Fuel strategies are used to reduce CO 2 emissions dramatically by replacing fossil fuel with fuel that contain no carbon [3] [4] [5] . Hydrogen is an example of such fuels being considered. However, the idea that an aircraft could be completely propelled by hydrogen is unrealistic at present or even for several decades to come, because of technical difficulties that would entail. So currently, adding hydrogen to kerosene fuel is regarded as a promising method. Frenillot et al. [6] and Hui et al. [7] found that hydrogen used as an addition fuel to kerosene can reduce pollutant emissions, improve the Figure 1 shows the schematic diagram of the experimental facility [14] . The facilities include a combustion vessel, gas injection system, liquid fuel injection system, heating circuit system, ignition system, high-speed digital camera, and data acquisition system. Figure 2 shows the schematic diagram of the combustion vessel, which is also called the constant volume chamber. As shown in Figure 2 , the combustion vessel is cylindrical and the inner diameter of the vessel is 180 mm. The two sides of the vessel are installed with quartz glasses as observing windows, and the diameter of the visual field is 130 mm. The gas fuel injection system consists of several valves connected to the H 2 , O 2 , and N 2 tanks, and the liquid fuel injection system consists of a liquid fuel injection valve which is used to inject RP-3. A vacuum pump is used to evacuate the vessel after combustion and before the preparation of the mixtures. Before the experiment, the initial temperature is read by a sheathed thermocouple and the initial pressure is read through a pressure transmitter. The ignition system is used to ignite the premixed mixtures by the electrodes located at the center of the vessel, and the ignition system also offers a trigger signal for the high-speed digital camera. The ignition pulse width can be adjusted, helping to discard the range of flame propagation affected by the ignition. A high speed digital camera (Phantom V611,) with a frequency of 10,000 pictures per second is used to take photos through the photography method. The data collection system is installed in a computer and connected to the camera, which is used to record the snapshots of the combustion process of H2/RP-3 premixed fuel. To make sure that the mixture is sufficiently uniform in the vessel before ignition (RP-3 kerosene is vaporized immediately when it is injected into the combustion vessel and remains in a gas state at the prepared initial temperature and pressure), 10 minutes was required after the vessel is filled with fuel/air mixture, and to make sure that the experiment results are more accurate, each experiment condition was examined three times and the average value is used as the experiment data.
Experimental Facility

Theoretical Model
The laminar burning velocity and Markstein number used in this paper was obtained with the spherically expanding flames.
The stretched flame speed Sn reflects the outwardly propagating speed of the spherical flame. It can be calculated from the spherical flame radius r and elapsing time t , according to the method of Bradley et al. [15] :
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Theoretical Model
The laminar burning velocity and Markstein number used in this paper was obtained with the spherically expanding flames. The stretched flame speed S n reflects the outwardly propagating speed of the spherical flame. It can be calculated from the spherical flame radius r and elapsing time t, according to the method of Bradley et al. [15] :
where dr is the increase of the flame radius between two frames and dt is the time interval between them. Flame stretch rate α is usually defined as the changing rate of the logarithm of an infinite area element on the flame front:
where A is the area of flame surface. For a spherical flame, the flame stretch rate α can be given as:
To obtain an accurate laminar burning velocity, the proper extrapolation methods need to be selected. Previous studies [16, 17] have shown that the uncertainties of extrapolation depend on the Lewis number. The relationship between stretched flame speed and flame stretch rate is linear only when Lewis number is unit. For H 2 /RP-3 premixed flame, the Lewis number is larger than the unit at all conditions. According to Chen [17] , there is a non-linear relationship between the unstretched laminar flame speed S l and the stretched flame speed S n ; this relationship is described as:
where L b is the Markstein number. An equation between laminar burning velocity U l and the unstretched flame speed S l is given as:
where ρ u and ρ b are densities of the unburnt and burnt mixtures; ρ u is determined by the initial state of the mixture; and ρ b can be calculated by the chemical equilibrium. By Equation (5), the laminar burning velocity U l is obtained as:
The method of Moffat [18] is used to estimate the uncertainty of the laminar burning velocity in this study. The relationship between the laminar burning velocity and various factors such as the equivalence ratio, initial pressure, and initial temperature, can be obtained through the equation as follows:
where the referenced initial temperature T 0 is 398 K and the referenced initial pressure P 0 is 0.1 MPa.
Since the accuracy of the thermocouple is ±3 K and the initial experimental temperatures are 390 and 420 K, the biggest relative error of temperature is under ±1%. Because the deviation between the target and the actual pressure is ±1 kPa, the relative error of pressure is within ±1%. The liquid fuels are directly injected into the combustion chamber by microliter syringes, and the amount is presented by practical pressure measured by the pressure gauge. The relative uncertainty of equivalence ratio is mainly induced by the uncertainties in measuring the partial pressures of RP-3, H 2 , O 2 , and N 2 .
Because the precision of the pressure transmitter used in this study is 0.075% in the measuring range, the uncertainties of the equivalence ratio are estimated to be within the range of 1-3%. According to the analyses above, the total uncertainty of the laminar burning velocity is evaluated to be 1-4.5 cm/s in this study. Chinese RP-3 kerosene is widely used in China. It consists of 92.1% (in Volume) saturated hydrocarbons and 7.9% aromatic hydrocarbons. The detail compositions are listed in Table 1 and the composition of this kerosene was discussed in detailed by Ma et al. [19] . In our previous studies [20] , a surrogate fuel which consists of 65% (in Vol.) n-decane, 10% toluene, and 25% propylcyclohexane was selected for RP-3 kerosene. The calculated ignition delay time of the surrogate fuel was found to agree well with the experimental data of RP-3. In this study, the formula of RP-3 kerosene can be calculated as C 9.45 H 19.6 . The hydrogen addition ratio of the H 2 /RP-3 mixture is defined as:
where V H 2 and V RP−3 are the respective volume fractions of hydrogen and RP-3 kerosene in the blends. The equivalence ratio φ is defined as:
where F/A refers to the fuel-air ratio and (F/A) st refers to the stoichiometric value of F/A. The H 2 /RP-3/air mixture can be expressed by the following:
Experimental Results and Discussion
The experimental facility and measurement technique used in this work have been already validated by Hu et al. [14] . In this work, experiments will be carried out for H 2 /RP-3/air mixtures at initial temperatures of 390 and 420 K, initial pressures of 0.1 and 0.3 MPa, equivalence ratios of 0.6-1.6, and hydrogen additions of 0.0 to 0.5, and the effects of hydrogen addition on the laminar burning velocities and Markstein numbers of H 2 /RP-3/air mixtures will be discussed.
Effects of Hydrogen Addition on Flame Propagation Characteristics
Ignition energy affects the value of the laminar burning velocity [21] [22] [23] . So, when the outwardly spherical propagating flame is used to measure the laminar burning velocity, the range of flame radius should be selected to avoid the influence of ignition energy. Bradley et al. [21] and Huang et al. [22] indicated that the laminar burning velocity was independent with ignition energy when the flame radius was larger than 6 mm.
In addition, the increased pressure in the constant volume chamber also affects the value of laminar burning velocity. Burke et al. [23] found that the pressure hardly changed when the flame radius was less than 25 mm. In order to eliminate the influences of ignition energy and the increased Energies 2017, 10, 1107 6 of 12 pressure, photos of the outwardly spherical propagating flame used in our study were selected in the radius range of 6-25 mm. In addition, the flame photos with cellular structures were neglected during the data processing. Figure 3 shows the snapshots of H 2 /RP-3/air premixed flames at a selected condition with the initial temperature of 390 K, initial pressure of 0.3 MPa, equivalence ratio of 1.3, and hydrogen additions over the range from 0 to 0.5. Figure 3 shows the propagation of the H2/RP-3 premixed flame from the center of the chamber where the electrodes locate to the outward. As shown in Figure 3a , when the hydrogen addition is 0.0, at the early stage of flame development, the cooling effect of electrodes is observed and this effect leads to a slower flame propagation speed in the electrodes direction than that in the vertical direction. However, when the flame radius propagates to a certain value, the cooling effect becomes trivial. So, in order to avoid the influence of electrodes, the flame radius in the vertical direction is used.
As shown in Figure 3b , slight flaws and protuberances can be observed at the early stage of flame development and then develop further with flame propagation when the hydrogen addition is 0.1. Furthermore, when the hydrogen addition increases to 0.5, as shown in Figure 3d , large flaws and protuberances are observed at the beginning of flame propagation, which result in a cellular surface structure later. Figures 3a-d indicate that the H2/RP-3 premixed flame tends to be unstable with the increase of hydrogen addition under some conditions. Figure 4 shows the flame radius versus time at an initial pressure of 0.1 MPa, initial temperatures of 390 and 420 K, equivalence ratios of 0.9, 1.2, 1.5, and hydrogen additions of 0.0, 0.3, 0.5. As shown in Figure 4 , a near-linear relationship between the flame radius and time is observed, and the slope of the line increases with the increase of hydrogen addition. The result indicates that the flame propagating speed increases with the increase of hydrogen addition. Figure 3a , when the hydrogen addition is 0.0, at the early stage of flame development, the cooling effect of electrodes is observed and this effect leads to a slower flame propagation speed in the electrodes direction than that in the vertical direction. However, when the flame radius propagates to a certain value, the cooling effect becomes trivial. So, in order to avoid the influence of electrodes, the flame radius in the vertical direction is used.
As shown in Figure 3b , slight flaws and protuberances can be observed at the early stage of flame development and then develop further with flame propagation when the hydrogen addition is 0.1. Furthermore, when the hydrogen addition increases to 0.5, as shown in Figure 3d , large flaws and protuberances are observed at the beginning of flame propagation, which result in a cellular surface structure later. The stretched flame speed reveals the flame propagating speed relative to the motionless chamber wall, and stretched flame speed shows different trends with different initial temperatures, pressures, equivalence ratios, and hydrogen additions. It can be observed in Figure 5 that for both initial temperatures of 390 and 420 K, the stretched flame speeds of H2/RP-3 mixtures decrease at the beginning of flame propagation and subsequently increase with the equivalence ratios of 0.9 and 1.5. However, the stretched flame speeds increase with the equivalence ratio of 1.2 from the early stage of the flame propagation to the end.
In Figure 5 , it can also be observed that the stretched flame speed also increases with the increased hydrogen addition under all conditions.
The stretched flame speed can be plotted as a function of stretch rate to explain the effect of stretch on the flame propagation. Figure 6 shows the stretched flame speed versus stretch rate under some selected conditions, with initial temperatures of 390 and 420 K, initial pressure of 0.1 MPa, equivalence ratios of 0.9 and 1.2, and hydrogen additions of 0.0, 0.3, 0.5. The stretched flame speed reveals the flame propagating speed relative to the motionless chamber wall, and stretched flame speed shows different trends with different initial temperatures, pressures, equivalence ratios, and hydrogen additions. It can be observed in Figure 5 that for both initial temperatures of 390 and 420 K, the stretched flame speeds of H2/RP-3 mixtures decrease at the beginning of flame propagation and subsequently increase with the equivalence ratios of 0.9 and 1.5. However, the stretched flame speeds increase with the equivalence ratio of 1.2 from the early stage of the flame propagation to the end.
The stretched flame speed can be plotted as a function of stretch rate to explain the effect of stretch on the flame propagation. Figure 6 shows the stretched flame speed versus stretch rate under some selected conditions, with initial temperatures of 390 and 420 K, initial pressure of 0.1 MPa, The stretched flame speed reveals the flame propagating speed relative to the motionless chamber wall, and stretched flame speed shows different trends with different initial temperatures, pressures, equivalence ratios, and hydrogen additions. It can be observed in Figure 5 that for both initial temperatures of 390 and 420 K, the stretched flame speeds of H 2 /RP-3 mixtures decrease at the beginning of flame propagation and subsequently increase with the equivalence ratios of 0.9 and 1.5. However, the stretched flame speeds increase with the equivalence ratio of 1.2 from the early stage of the flame propagation to the end. In Figure 5 , it can also be observed that the stretched flame speed also increases with the increased hydrogen addition under all conditions.
The stretched flame speed can be plotted as a function of stretch rate to explain the effect of stretch on the flame propagation. Figure 6 shows the stretched flame speed versus stretch rate under some selected conditions, with initial temperatures of 390 and 420 K, initial pressure of 0.1 MPa, equivalence ratios of 0.9 and 1.2, and hydrogen additions of 0.0, 0.3, 0.5. The laminar burning velocity is generally defined for one-dimensional planar flame, and there is no effect of stretch on this kind of flame. According to Chen [17] , the unstretched flame speed can be obtained using Equation (4) . In Figure 6 , the nonlinear method is used to extract the unstretched flame speed l S , which can be obtained by a zero stretch extrapolation, and the lines are obtained by fitting experimental data.
As shown in Figure 6 , the unstretched flame speeds increase and burned gas Markstein numbers decrease (as shown in Figure 7 ) with the hydrogen addition at the equivalence ratios of 1.2 and 0.9. The decrease of Markstein number indicates that the stability of the H2/RP-3 premixed flame decreases, which will be discussed in detail in the next section. Figure 7 . Effect of hydrogen addition on the Markstein number versus equivalence ratio.
Effect of Hydrogen Addition on Flame Stability
Several disturbed sources, such as spark, interaction with electrodes, density gradient, and stoichiometry gradient in the mixture, can cause flame instability. Ma et al. [19] indicated that the The laminar burning velocity is generally defined for one-dimensional planar flame, and there is no effect of stretch on this kind of flame. According to Chen [17] , the unstretched flame speed can be obtained using Equation (4) . In Figure 6 , the nonlinear method is used to extract the unstretched flame speed S l , which can be obtained by a zero stretch extrapolation, and the lines are obtained by fitting experimental data.
As shown in Figure 6 , the unstretched flame speeds increase and burned gas Markstein numbers decrease (as shown in Figure 7 ) with the hydrogen addition at the equivalence ratios of 1.2 and 0.9. The decrease of Markstein number indicates that the stability of the H 2 /RP-3 premixed flame decreases, which will be discussed in detail in the next section. The laminar burning velocity is generally defined for one-dimensional planar flame, and there is no effect of stretch on this kind of flame. According to Chen [17] , the unstretched flame speed can be obtained using Equation (4) . In Figure 6 , the nonlinear method is used to extract the unstretched flame speed l S , which can be obtained by a zero stretch extrapolation, and the lines are obtained by fitting experimental data.
As shown in Figure 6 , the unstretched flame speeds increase and burned gas Markstein numbers decrease (as shown in Figure 7 ) with the hydrogen addition at the equivalence ratios of 1.2 and 0.9. The decrease of Markstein number indicates that the stability of the H2/RP-3 premixed flame decreases, which will be discussed in detail in the next section. 
Several disturbed sources, such as spark, interaction with electrodes, density gradient, and stoichiometry gradient in the mixture, can cause flame instability. Ma et al. [19] 
Several disturbed sources, such as spark, interaction with electrodes, density gradient, and stoichiometry gradient in the mixture, can cause flame instability. Ma et al. [19] indicated that the Markstein number (L b ) is an important parameter to reflect the flame instability. A stable flame tends to restrain these disturbed effects on the flame front, which indicates that the stretched flame speed decreases with the increase of stretch rate, and the Markstein number value is positive. Moreover, the highly positive Markstein number value indicates that the flame is considerably stable. On the other hand, a negative Markstein number value means that the stretched flame speed increases with the increase of stretch rate, and the Markstein number value is negative. Any kind of disturbed source can likewise affect the flame front and thus cause flame front instability. Figure 7 shows the Markstein numbers of H 2 /RP-3/air premixed flames versus the equivalence ratio at an initial temperature of 390 K, initial pressure of 0.1 MPa, and hydrogen additions of 0.0, 0.3, 0.5. As shown in Figure 7 , the Markstein number decreases with the increase of the equivalence ratio under all hydrogen addition conditions. In addition, the Markstein number tends to decline with the increase of hydrogen addition, which reveals that the flame stability decreases with the increase of hydrogen addition. This phenomenon can be explained with the classical models because of the effects of preferential diffusion proposed by Manton et al. [24] . The laminar premixed flames tend to be unstable due to the effects of preferential diffusion under the conditions where the fast-diffusing component is deficient. Hu et al. [14] , Tang et al. [12] , and Hui et al. [7] also reported the same results concerning the effects of hydrogen addition on the Markstein numbers of methane, n-butane, and n-decane. Figure 8 shows the unstretched flame speed S l and the laminar burning velocity U l versus the equivalence ratio at initial temperatures of 390 and 420 K, initial pressure of 0.1 MPa, and hydrogen additions of 0.0-0.5.
Effect of Hydrogen Addition on Laminar Burning Velocity
As shown in Figure 8 , with the increase of the equivalence ratio from 0.9 to 1.5, the unstretched flame speed and the laminar burning velocity increase at first and then decrease. The highest unstretched flame speed and laminar burning velocity are observed at the equivalence ratio of 1.2. Moreover, with the initial temperature increasing from 390 K to 420 K, the unstretched flame speed and the laminar burning velocity are increased under any of the same conditions. Furthermore, the unstretched flame speed and the laminar burning velocity increase with the increase of hydrogen addition at all conditions. The result shows that the hydrogen addition has the effect to increase the laminar burning velocity. Tang et al. [12] and Hui et al. [7] also reported the same results concerning the effects of hydrogen addition on the laminar burning velocities of n-butane and n-decane.
The effect of hydrogen addition on the laminar burning velocity is a consequence of the combined effects of thermal conduction, chemical reaction, and diffusion. Considering that the hydrogen addition range is relatively small and the laminar burning velocity only scales with the square root of the Lewis number, it is reasonable to expect that the diffusion effect due to hydrogen addition will be minor compared to the thermal and chemical effects, and thus can be neglected. Hydrogen has higher adiabatic flame temperatures than RP-3; thus, the addition of hydrogen will obviously increase the adiabatic flame temperatures of the RP-3/air mixtures, leading to a corresponding increase in the laminar burning velocity. Furthermore, hydrogen addition will generate more H and OH radicals. A strong correlation exists between the laminar burning velocity and the maximum radical concentrations of H and OH radicals in the reaction zone of premixed flames. It is expected that the increase in the maximum concentration of H and OH will lead to the corresponding increase of the laminar burning velocity of flames. Figure 8 shows the unstretched flame speed l S and the laminar burning velocity l U versus the equivalence ratio at initial temperatures of 390 and 420 K, initial pressure of 0.1 MPa, and hydrogen additions of 0.0-0.5. 
Conclusions
In our study, the effects of hydrogen addition on the laminar burning velocities and Markstein numbers of RP-3/air mixtures were investigated in a constant volume chamber. The main results are summarized as follows:
(1) The flame front surfaces of RP-3/air mixtures remain smooth throughout the entire flame propagation process at the initial temperature of 390 K, initial pressure of 0.3 MPa, and without hydrogen addition. When the hydrogen addition increases from 0.1 to 0.5, flaws and protuberances occur at the flame front surface. This result indicates that the H 2 /RP-3 premixed flame tends to be unstable with the increase of hydrogen addition.
(2) A near-linear relationship between the flame radius and time can be observed. The slope of the line increases with the increase of hydrogen addition. This result indicates that the flame propagating speed increases with the increase of hydrogen addition.
(3) The Markstein number decreases with the increase of equivalence ratio under all conditions. It also tends to decline with the increase of hydrogen addition, which reveals that the flame stability decreases with the increase of hydrogen addition.
